Homeotic mutants have been useful for the study of animal development. Such mutants are also known in plants. The isolation and molecular analysis of several homeofic genes in Antirrhinum majus provide insights into the underlying molecular regulatory mechanisms of flower development. A model is presented of how the characteristic sequential pattern of developing organs, comprising the flower, is established in the process of morphogenesis.
F LOWER FORMATION IN HIGHER PLANTS IS A COMPLEX
process controlled by genetic as well as environmental factors (1) (2) (3) (4) (5) . Although it is an integrated process, two major phases can be recognized: floral evocation and development. The term evocation designates the transition of the vegetative apical meristem to a floral meristem, that is, a meristem capable of generating a flower primordium after stimulation by internal or external signals. After evocation, floral development starts with the sequential appearance of flower and floral organ primordia and ends with the mature flower composed of fimctionally and structurally distinct organs. During this process the type, number, and position of the organs constituting the flower are strictly regulated.
In animals, organogenesis occurs mainly during embryo development. In contrast, organ development in plants is not restricted to the embryonic stage (2) (3) (4) . Differentiation and organogenesis occur throughout the lifetime of the plant organism, sometimes over a span of decades. Morphogenetic processes in plants, therefore, unlike in animals, cannot easily be related to maternally determined positional information or, as plant cells do not move relative to each other, to cell migration. Thus, the question is, what are the mechanisms by which meristematic cells in the primordiurn sense and interpret their position with respect to other cells and differentiate reproducibly and precisely into the correct organs?
Development of the wrong organ at the wrong place (homeosis) is the consequence of a mutation in a gene that affects differentiation. Such homeotic mutations thus identify genes that direct normal development and are use~l for the dissection of mechanisms that direct floral morphogenesis (3, 6, 7) . The objectives of this article are to introduce Antirrhinum majus (snapdragon) and its morphogenetic mutants as an experimental system for the study of flower development and to discuss implications of molecular analysis
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~. 16 NOVEMBER 1990 of the mutants for elucidation of the molecular mechanisms that underlie plant developmental processes. Because similar floral homeotic mutants and molecular analyses exist for Arabidopsis thaliana (8) , flower development in the two systems is compared.
Floral Morphogenefic Mutants
Observations of abnormal flowers have a long tradition (6, 9) , perhaps because monstrous deviations on such graceful and regular structures are eye-catching. In many instances, however, there is no report on the heritability of the phenotypes, hence limiting the use of the information for current analysis.
Antirrhinum was a main object of classical genetic analysis at the beginning of this century (10) . The plant has many large, colored flowers with zygomorphic (mirror-image) symmetry. The flowers develop in the axils of lateral bracts on a long inflorescence ( Fig. 1 ) and was thus predestined to be scored for mutant floral phenotypes with altered morphogenetic and color features. Several different classes of morphogenetic mutants are known in Antirrhinum that could be usefial for analysis of the molecular processes underlying floral development (I0, 11). Because not all of these mutants have been completely characterized by genetic, morphological, and molecular analyses, the scheme in Fig. 2 is only an approximate presentation of the position and fimction of these genes in the complex morphogenetic process that begins with floral evocation and ends with the mature flower.
Mutations that aflba development of the flower primordium (class I).
The rather complex phenotypes of the first type of class I mutants, sterilis (10) and steriloides (12) , seem to indicate that the gene products may interfere with the hormonal control of initiation and formation of the floral primordium on the flanks of the apical meristem after floral evocation. The mutant sterilis displays an abnormal inflorescence carrying only bracts, but no flowers in the axils of the bracts. A phenotypically very similar mutant, steriloides, was recently isolated in a transposon mutagenesis program (12) . The mutant steriloides also has bracts only on the inflorescence, but occasionally produces a few (sometimes deformed) flowers, probably due to leakiness or somatic instability of the recessive mutation.
A second type of class I mutants, represented by squamata and squamosa (10) , interfere with formation of floral primordia after evocation. The phenotype of both mutants suggests that the function of the wild-type genes is to establish the identity of the floral primordium. Initiation of the primordium seems to be normal in the mutants; but, instead of flowers, "shoots" that resemble inflorescences grow in the axils of the bracts (Fig. 1) . In addition, leaves of squamata plants display altered morphology that indicates this gene influences both vegetative and reproductive development. Like steriloides, squamosa occasionally produces a few flowers, probably due to leakiness or instability of the recessive mutation. A phenotypically similar and genetically unstable mutafion, floricaula, has been recently obtained by transposon tagging (11) .
Mutations that alter the symmetry of the flower (class II). The symmetry of the flower of various plant species seems to be determined by its position with respect to the shoot or inflorescence axis. For example, terminal flowers, like that of a tulip, are usually radially symmetric (actinomorphic) and lateral flowers, like that of snapdragon, are zygomorphic (1) . Peloria are unexpectedly occurring actinomorphic flowers on an inflorescence that normally carries zygomorphic flowers. Radial symmetry of lateral flowers may be caused by a malftmctiof~ ' of genes that interpret the position of the floral primordium (type 1). Further, a mechanism (genetic defect or environmental factor) that produces a flower at a terminal position will condition radial symmetry of this flower (type 2). Both contribute to either conditional or heritable pelorism in nature.
Because Antirrhinum displays an open inflorescence with lateral flowers only (Fig. 1) , both types of peloric alterations have been observed.
In the mutant cycloidea ( Fig. 1) , the flowers have a nearly radial symmetric shape and all organs in the respective whorls are arranged in a radial symmetric fashion. Two independent loci are known that, when mutated, confer this phenotype on the flower (9) (10) (11) . Interestingly, mutations in these genes may concomitantly affect the number of organs in several whorls. Several germinally unstable mutant alleles of these genes have been isolated in transposon mutagenesis programs (10) (11) (12) . In a second type of class II mutations, represented by the centroradialis mutant (12) , the inflorescence carries a terminal flower displaying radial symmetry. It has been suggested (10) that these class II genes interact with class III genes (see below) to determine the fate of the primordium.
Mutations of homeotic genes that speci~ organ identity (class III).
In Antirrhinum majus, homeotic mutations affecting floral organ formation (10) (11) (12) can be assigned to three different categories: type 1, in which the first and second whorl organs (perianth) are affected; type 2, in which the third and fourth whorl organs (reproductive organs) are transformed with concomitant increase of the number of whorls and organs; and type 3, in which the second and third whorl organs are altered.
Comparison of the phenotypes of these mutants (Figs. 3 and 4) reveals features common to genes that interfere with the determination of floral organ identity. First, in all three types of mutants isolated with homeotic alteration of organs in one whorl only. This may be of general significance, because heritable homeotic abnormalities in other plant species also do not indicate the existence of homeotic genes altering the organ identity of either petals or stamina independently (9) .
Class III mutants of Antirrhinum, as well as homeotic mutants of Arabidopsis (Fig. 3) , are sensitive to environmental signals (12, 13) , because their phenotype can be systematically influenced by environmental conditions (14, 15) . Variations of the mutant phenotype along the Antirrhinum inflorescence axis also indicate the involvement of endogenous signals. Yet, the dependence of flower morphogenesis on external and internal conditions is not well understood (5) .
The similarity of the three basic types of homeotic mutants in Antirrhinum and Arabidopsis ( Genotypes are indicated below the photographs.
932
Instability of Homeotic Mutants Previous molecular and genetic analyses have shown that mobile insertion elements (16) cause the high mutation rate at many loci in Antirrhinum. These transposable elements can be used to generate new mutations with high frequency by transposon mutagenesis (11) (12) (13) , as well as to identify and isolate homeotic genes (13) . I Excision of transposable elements is revealed phenotypically by sectorial reversion of the mutant to wild type. Such somatic excision cvents are hcritable if the progenies of the revertant cell become germinal cells. Excisions can occur at virtually any time during somatic cell proliferation and result in expression of the wild-type gene that can be followed in subsequent cell generations. Thus, "mosaic" structures are generated that may give some insight into the temporal and spatial activity of a particular gene during development.
The morphological analysis of somatic reversion events of deficiens g|°bifera (Figs. 2 and 3 (10) seOaloiaoa ? (11) (14, 15, 33) ; references for Antirrhinum mutants are on the figure.
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stamina or staminoid characters was never observed; this suggesting that late restoration of deficiens gene activity is unable to rescue staminal organogenesis and, therefore, that deficiens gene function is required early in stamen development.
Homeotic Genes Encode Transcription Factors
The following sections present evidence that the molecular basis of genetic control in plant development in many aspects may be similar, if not identical, to that of animals.
Deficiens may be a regulatory gene encoding a DNA binding protein.
Recently, the homeotic gene d~ciens was cloned (13) . The DEF A protein, encoded by deficiens, showed a high degree of homology to the conserved DNA binding and dimerization domains of two known transcription factors in animals and yeast (Fig. 5) . In mammals, the serum response factor (SRF) is essential for the serum-inducible transcriptional activation of the c-Jbs nuclear protooncogene (17) that is involved in the transcriptional regulation of genes controlling cell growth in response to growth factors. In yeast, the MCM1 protein [the product of the minichromosome maintenance gene (MCM1) and identical to the general regulator of mating type (GRM) and pheromone receptor transcription factor (PRTF) proteins] participates in the regulation of a-and a-cell-type specific genes (18, 19) .
That DEF A may be a DNA-binding protein with regulatory functions is substantiated by other evidence as well. For example, a single amino acid exchange in the putative DNA binding domain (20) (Fig. 5) 
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4). Further, preliminary results indicate that DEF A is a phosphorylated nuclear protein (21).
The agamous gene of Arabidopsis is also homologous to the same transcription factors (8) , although mutation of agamous causes a different type of homeotic alteration of floral organs (Fig. 3) . Genes regulated by agamous or deficiens are not identified yet and hence the structure of their binding sites is not known. But the promoter regions of both the agamous and the deficiens genes contain a sequence motif (8, 22 ) with similarity to the serum response element (SRE), the DNA-sequence motif to which SRF binds, and which is structurally and fiancfionally related to the binding sites of MCM1 (•7, 19) . It is possible, therefore, that the two plant genes are autoregulated, or, alternatively, are regulated by other factors with homology to the conserved domain of the deficiens and agamous proteins.
Deficiens belongs to a group of putative transcription factors: The MADS-box. When the conserved domain is used as hybridization
probe to screen a complementary DNA (cDNA) library, eight independent genes are detected (23) whose putative protein products are 65 to 90% homologous to the conserved DNA binding domain ofDEF A (Fig. 5) . Four of these genes are expressed in both vegetative and reproductive organs; expression of the other four is restricted to floral organs. Two of the flower-specific genes can be assigned to known morphogenic mutants of snapdragon: DEF H22 Our results indicate that in Antirrhinum majus, a distinct family of genes exists that encodes proteins with homology to two known transcription factors, SRF and MCM1. Similar families were found in Arabidopsis (8) , humans, flies, and frogs (17) . Preliminary evidence suggests that the members of these families may participate in the control of various differentiation processes. In that respect they resemble the homeobox genes known to control differentiation and development in animals (24) . Since these new families, like the homeobox genes, have a conserved domain in common, we suggest that this domain be called the MADS-box, in reference to the four founding proteins (MCM1, AG, DEF A, and SRF).
Expression Patterns and Post-Transcriptional Modification
Organ-specifc regulation of homeotic gene expression. Mutations in the homeotic genes agamous (in Arabidopsis) and deficiens (in Antirrhinum) specifically alter organogenesis of floral organs in adjacent whorls. In situ hybridization experiments have revealed that both genes are expressed most strongly in those organs that are homeotically transformed in the respective mutants (Fig. 6) (8) . More sensitive Northern (RNA) blot analysis of dissected Antirrhinum organs shows that deficiens is also expressed in low quantities in other floral 934 organs (13, 25) .
In the chlorantha allele of deficiens, a small deletion in the promoter region results in decreased gene expression in stamina and petals, but not in the other organs (22) . This alteration of the spatial expression pattern of the gene confers the homeotically altered phenotype (Fig. 4) . The deletion thus seems to affect the cis-acting binding site of a transcription factor that upregulates deficiens expression specifically in the petals and stamina.
Post-transcriptional modifcation may modulate specific homeotic gene action. The simultaneous expression of a homeotic gene in two different organs may seem to contradict the appearance of distinct functions in each organ. Hence, we suggest that organ specificity of homeotic genes is the result of a combination of mechanisms that modify their function in different organs.
For SRF and MCM1, which are constantly expressed and yet control the cells response to external and internal factors, modification was invoked as a means to confer specificity. In yeast, for example, MCM1 participates in the regulation of both a-and c~-cell-type specific genes, depending on the absence or presence of the ~1 repressor and ~2 activator proteins in the respective cell types (19) . In mammals, SRF gene expression is also constitutive (26) . . . .plant proteins (Fig. 4) 
Some other structural features of the DEF A protein could indicate the manner in which accessory proteins help to specify its regulatory functions in either petal or stamen development. The partly conserved dimerization domain, essential for SRF function (•7), is one of these features. Furthermore, the DEF A protein does not contain regions with conserved homology to the regions of other transcription factors that specify fimctions other than DNA binding (30) . Thus 
Determination of Floral Organ Identity
Based on genetic and morphological observations of homeotic mutations that interfere with the determination of organ identity, models have been proposed to explain how the actions and interactions of homeotic genes could direct floral organogenesis (11, 32) .
Our scheme (Fig. 7A) incorporates some of the assumptions made in these models. We suggest that after floral evocation, induction of at least two developmental pathways are required for (i) the formation of four different whorls of organs and (ii) the generation of the three basic types of homeotic mutations in Antirrhinum and Arabidopsis (Fig. 3) .
According to the scheme, stamen development, for instance, is initiated and governed by early and concomitant induction of pathways A and B. In fact, staminal carpelody or petalody (because of mutational or conditional changes in either pathway A or B, respectively) is frequently observed in nature (9) . In contrast, staminal sepalody rarely occurs naturally (9), but can be induced by double mutations (14, 32) . The rarity of rescue of stamina by late restoration of deficiens gene fianction in the unstable globi~ra allele (13) also indicates early involvement of deficiens in complex events of stamen development.
Mutations in two di~rent pathways allow generation of three types of homeotic alterations.
Recessive homeotic mutations of type 2 (such as agamous) and type 3 (such as deficiens) can easily be generated by loss of function in pathway B or A, respectively (Fig. 7A) . In fact, evidence suggests that at least some of the genes in either pathway are regulators of transcription, involved in, but not the sole factors for, regulation of expression of genes essential for the formation of a particular organ. (Fig. 3) . The frequent occurrence of recessive type I mutations in Arabidopsis, in contrast to dominant type 1 mutations in Antirrhinum, may reflect differences in the mechanisms that establish basically similar processes during floral organogenesis in the two plant species.
Generation of positional information. Evidence suggests that expression and function of homeotic genes is under genetic control. To direct organogenesis, the fimctional activity ofhomeotic genes must be specified, for example, by accessory proteins. In the absence of homeotic gene action (because of mutation) whorls develop and give rise to specific organs, although the organ developed may not be the normal one. Homeotic genes themselves are also subjected to temporal and spatial regulation. The intriguing question of how positional information can be established without additional genetic information remains unanswered. In terms of the scheme outlined above, we can ask what mechanism causes the induction of the two pathways. Undifferentiated floral meristem cells, destined to give rise to the primordium of a specific organ, have to recognize somehow their position within the developing flower primordium. We propose that different gradients of diffusible factors (for example, hormones or hormone-like compounds) and cellular receptors sensing these factors (Fig. 7B) induce eitherpathway A or pathway B in the respective whorls. The gradients are apt to change dynamically during development, a process we cannot illustrate in twodimensional graphics.
To describe induction of pathway A in the second and third whorl, we suggest that a hypothetical factor, alpha, fbrms an eccentric gradient with the highest concentration about halfway between the center and the edge of the primordium. This type of gradient can perhaps be established by the developing provascular system, transporting nutrients and morphogens from the plant body to cells of the primordium.
The simplest way to describe induction of pathway B in the third and fourth whorl is to postulate a concentric gradient of another factor, 13, that would display the highest concentration in the center of the floral primordium and the lowest at its edge. Concentric gradients may arise from any product of the central undifferentiated floral meristem, because it is maintained the entire time of floral organogenesis and is different from cells differentiating into organs (4) . Changes in proximodistal information and in its interpretation as basis of flower development have been proposed in a recent model (33) . Yet, experimental evidence for the existence of gradients of such morphogens is not available. For induction of stamen development in the wild-type flower, the two gradients must overlap such that simultaneous activation of pathway A and B is allowed in whorl three, and only there. There has to be, hence, ~i threshold concentration of factor a or 13 above which the pathways A or B are induced and below which they remain repressed. Pathway B will be actively induced (or its repression abolished) in the first and the second whorl if the receptor of factor 13 is not fimctioning or if its sensitivity is mutationally altered. Analysis of type 1 homeotic mutations may prove these assumptions.
In summary, it seems that two hypothetical gradients of factors, formed during differentiation of the flower primordium, suffice to explain differential induction of two developmental pathways. Based on this primary event, floral organogenesis in four whorls can be generally described. Thus the scheme (Fig. 7 ) may reflect reality, but reality may be more complicated.
Perspectives
At present, morphological, genetic, and molecular information on processes and molecules involved in floral morphogenesis is not sufficient to generate complete models of flower development. Analysis ofhomeotic genes in two plant species, however, indicates that more knowledge about the regulation of their expression and interactions with other regulatory proteins would help to understand mechanisms controlling determination of floral organ identity. In addition, morphological analysis of double mutants of homeofic genes, for instance, can provide some information about interactions between the developmental pathways (14, 32) .
Observations like the conservation of protein domains in two homeotic genes and the similarity of organ transformations in three types of homeotic mutants seem to suggest that the principles of floral organogenesis in different plant species may be very similar. Distinctive differences, however, may also exist, such as the number and genetic behavior of genes involved in establishment of developmental pathways, or the absence of certain types of organ transformations. Thus it is possible that the complexity of the processes involved in organ development and flower formation may be different in plants of distantly related genera.
